An analytical method using pentafluorobenzyl bromide (PFBB) derivatization and gas chromatography/mass spectrometry (GC/MS) has been applied to identify and quantify chloro-, bromo-and dichlorophenols in air, water and sediment samples. Phenols in air sample were collected with a PS-2 Sep-PAK TM cartridge, and eluted with 2-propanol. For water and sediment samples, liquid-liquid extraction with dichloromethane was carried out, and the solvent was exchanged to 2-propanol. The phenols in the solution reacted with PFBB to form the corresponding pentafluorobenzyl esters. After extracting the derivatives into hexane, the determination was carried out by GC/MS with selected-ion monitoring. The detection limits of phenols in air, water and sediment were 0.0033 -0.0073 µg/m 3 , 0.0066 -0.0147 µg/L and 0.33 -0.73 µg/kg, respectively. More than 90% recoveries of the halogenated phenols were obtained from real environmental samples spiked by the halogenated phenols. The three isomers of mono-chlorophenols were detected in sediment samples in the range of 5.2 -9.2 µg/kg in wet weight basis.
Introduction
Chlorophenols have been widely used as insecticides, herbicides, fungicides, and wood-treatment agents due to their biocidal properties. Some of the chlorophenols have also been used to produce other herbicides and pesticides as synthetic raw materials. Because of widespread biocidal and industrial use, chlorophenols are thought to have been spread widely in the environment. Also, some chlorophenols are formed in natural processes and in the drinking-water treatment process by chlorination. 1 Many investigations have dealt with the toxicities of phenols concerning the adverse effects on human health and the ecosystem. Based on these studies, the US-EPA has assigned eleven phenolic compounds as major priority pollutants and chlorophenols are classified into the most toxic and carcinogenic class. 2 In the EC Priority Pollutants List adopted by the European Community in 1982, 3 chlorophenols have high priorities among the compounds assigned by the US-EPA. Furthermore, chlorophenols are known to be precursors of chlorinated dibenzo-p-dioxins 4 that are extremely toxic to mammals. As well as chlorophenols, brominated phenols may produce brominated dioxins under certain conditions; therefore, environmental surveys of halogenated phenols are required to clarify their presence, behavior and fate.
Analytical procedures for phenols using gas chromatographic technology comprise one of the traditional techniques often used accompanying a derivatization method, because of their polar characteristics. Several derivatization procedures, such as dimethyl sulfate or diazomethane for methylation, 5 acetic anhydride for esterification [6] [7] [8] and pentafluorobenzyl bromide (PFBB), 9 have been used to improve chromatographic separation. Among the derivatization reactions, the methylation of mono-halogenated phenols does not proceed quickly, and esterification does not sufficiently improve the separation of dichlorophenol isomers in a gas chromatographic trace. 8 On the other hand, the PFBB reacts with phenols rapidly and the reaction procedure is simple. The US-EPA method utilizes the PFBB derivatization method as an official method for phenol compounds in wastewater and drinking water. However, the method describes applications for a limited number of phenols present in water at ppm levels. In this study, the authors applied the PFBB derivatization method for chloro-, bromo-and dichlorophenols in environmental samples, such as water, air and sediment, present at ppb levels. We used high-resolution gas chromatography with a capillary column and GC/MS-SIM detection to improve the separation and detection of the halogenated phenols.
Experimental

Reagents
Nine chlorinated phenols and three bromophenols, [2- 3 -bromophenol (3BP) and 4-bromophenol (4BP)], selected as target compounds, were purchased from Tokyo Kasei (Tokyo, Japan). Purchased [ 2 H10]phenanthrene, used as an internal standard (IS), pentafluorobenzyl bromide (PFBB) and 1,4,7,10,13,16-hexaoxacyclooctadecane (18-crown-6-ether) were of the highest purity available, and were used without further purification. Dichloromethane, methanol and hexane were of pesticide grade, while the other chemicals were of analytical grade.
A derivatization reagent (2% PFBB) was prepared by dissolving 1 mL of PFBB and 1 g of 18-crown-6-ether in 50 mL of 2-propanol.
Apparatus
The gas chromatograph-mass spectrometer comprises a Hewlett-Packard (California, USA) 5890A gas chromatograph and a JEOL (Tokyo, Japan) Model Automass 20 mass spectrometer.
Sample preparation Air samples.
After 1000 L of air sample was passed through a PS-2 Sep-PAK TM cartridge at an approximate flow rate of 0.8 L/min, halogenated phenols adsorbed were eluted with 2 mL of 2-propanol. Water samples.
After five hundred milliliters of a water sample had been taken into a separatory funnel, the pH of the sample was adjusted at 3 using 6 M HCl. Extraction was carried out twice with 100 mL of dichloromethane. The extract was dehydrated with anhydrous sodium sulfate and concentrated to 2 mL with a Kuderna-Danish (K-D) evaporator. Prior to PFBB derivatization, the solvent was exchanged to 2-propanol.
Sediment samples.
Ten grams of a wet sediment sample were extracted twice with 50 mL of a 0.1 M NaOH methanol solution. The extract was added to 500 mL of distilled water and washed with 50 mL of dichloromethane. The water layer was acidified with 6 M HCl. The extraction procedure was the same as that for the water sample mentioned above.
Derivatization
The derivatization procedures were carried out according to the US-EPA method 9 as follows: after transferring a concentrated sample into a glass reaction vial, 2 mL of the derivatization reagent and 3 mg of potassium carbonate were added. The mixture was heated for 30 min at 80˚C on a reaction heater. After leaving the mixture at room temperature for 15 min, the solution was transferred into a separation funnel. To the solution, 30 mL of distilled water was added and extracted with 10 mL of hexane. The extract was concentrated to 1 mL with a K-D evaporator using a micro-snyder column.
GC/MS analysis
After adding [ 2 H10]phenanthrene as an internal standard (IS) to the sample concentrate, 1 µL aliquot of the solution was injected into a gas chromatograph-mass spectrometer, which was operated under the following condition: injector temperature, 250˚C; oven temperature program, 2 min isothermal at 50˚C, then at 10˚C/min to 250˚C, held for 3 min; column, 30 m × 0.25 mm i.d., 0.25 µm films, J & W DB-5 ms (5% phenyl and 95% methyl polysiloxane); interface temperature, 250˚C; ionization voltage, 70 eV. The mass spectrometer was operated either in a selected ion monitoring (SIM) or in a scanning mode. When working in the SIM mode, The quantitation of halogenated phenol-PFBB derivatives was carried out by comparing the peak areas to the IS peak area. In the case that some interfering peaks for the quantitation were observed on the GC/MS-SIM traces, the sample extracts were treated by a clean-up procedure with silica-gel columns. A silica-gel column, packed with 5 g of silica-gel in a 10 mm i.d. glass tube, was prepared. The column was washed with hexane, and the sample extract was poured on top of the column. After washing the column with 20 mL of hexane, the derivatives of halogenated phenols were eluted with 20 mL of 10% ether in hexane. The eluate was concentrated to 1 mL using a K-D evaporator with a micro-snyder column.
Results and Discussion
Phenol-PFBB derivatives
After halogenated phenol-PFBB derivatives were synthesized according to the US-EPA method, their GC retention times and mass spectra were measured. The derivatization reaction of halogenated phenols and PFBB is as follows: where X is chlorine or bromine. Since PFBB also reacts with amines, potassium carbonate was added for the selective reaction with phenols. 10 A typical mass spectrum of PFBB derivative (2-chlorophenol-PFBB) is shown in Fig. 1 and the mass spectral data of the derivatives are listed in Table 1 as well as their GC retention data. The specific ion, m/z 181, due to pentafluorobenzyl ion, is the most intensive ion for all halogenated phenol derivatives. Although the abundance of the molecular ions of all derivatives are small, the molecular ions are distinctively observed regardless of the position of the halogen atoms. Because the m/z 181 ion originates from the PFBB residue and by-products, selective detections for chlorophenols, dichlorophenols and bromophenols are expected using their molecular (M) and isotopic ions (M + 2). Figure 2 shows SIM chromatograms of a PFBB mixture of the halogenated phenols. The injected amount of each derivative was 0.05 ng as phenols. Even though trace amounts were used, satisfactory peak shapes and separation were obtained under the GC separation conditions.
Reaction conditions
To optimize the PFBB derivatization reaction for the halogenated phenols at the trace level, the yields of all derivatives were examined by the changing reaction time. As shown in Fig. 3 , the maximum yields were obtained at a 30 min reaction time. The rest of the derivatization parameters, such as the reagent concentration and potassium carbonate addition, followed the EPA method. 9 
Air sample collection
To examine the adsorption efficiency of gaseous halogenated phenols on a PS-2 Sep-PAK TM cartridge, recovery tests were carried out. After three cartridges were connected, as shown in Fig. 4, a standard phenol was added into the second cartridge (A), and then 1000 and 2000 L of air were passed through the cartridges at a flow rate of 0.8 L/min. The ambient temperature and relative humidity during the experiment were kept at around 22˚C and 48%, respectively. In both 1000 and 2000 L collections, no phenols were detected from the back-up cartridge (B), and all tested recoveries from the cartridge (A) spiked by standard mixture were 86% or more. These results indicate that the PS-2 Sep-PAK TM cartridge efficiently collects the target phenols in 2000 L air samples.
Effect of the pH on the liquid-liquid extraction efficiencies for water samples
The extraction efficiencies of phenols with dichloromethane depend on the pH of the water samples. Figure 5 shows the recovery variations of halogenated phenols by changing the pH of distilled water with 6 M HCl and 5 M NaOH solutions. The result indicates that all of the target phenols were extracted efficiently under an acidic condition at pH 3. No losses were considered by washing the samples with dichloromethane under an alkaline condition at pH 10.
Silica-gel column clean-up
Column clean-up for the halogenated phenol-PFBB derivatives was studied using silica-gel, because environmental samples usually contain many substances that interfere with instrumental measurements. A standard mixture containing 10 µg/mL of each phenol-PFBB derivative in hexane was prepared.
Silica-gel column chromatography was then carried out by the procedure mentioned above. The eluate was fractionated every 5 mL, and each phenol-PFBB was determined by the GC/MS. Figure 6 shows the elution patterns of the derivatives. Although no phenol-PFBB derivatives were eluted with hexane, all of the derivatives were completely eluted with 20 mL of 10% diethyl ether in hexane.
Detection limits
The instrument detection limit (IDL) was calculated from the results of a replicate analysis of the lowest concentration calibration standard (0.02 µg/mL of each phenol) by using the following formula:
where t(n -1) is the value for the 95% one-side Student's Table 3 Recovery of halogenated phenols added to real samples a. Added amounts of each halogenated phenol were 0.1 mg. b. Average air sample volume was 1112 L. c. Number of replicated analyses. d. Not detectable. e. Mean recovery. f. Coefficient of variation. g. Two seawater samples and two river water samples were used. distribution for n -1 degrees of freedom, n is the number of replicates and Sd is the standard deviation of the replicate analyses. Table 2 gives the results obtained from seven replications. In the case of conversion IDL into air, water and sediment samples concentration, the values correspond to the method detection limits of 0.0033 -0.0073 µg/m 3 in air, 0.066 -0.0147 µg/L in water and 0.33 -0.73 µg/kg in sediment samples, respectively. The present method was confirmed to have sufficient detection limits for phenols present at trace levels.
Overall recovery tests and detection of halogenated phenols in environmental samples
Overall recovery tests were carried out by spiking phenols to air, river water, seawater and sea sediment samples. The samples were collected in Kitakyushu area, Japan. Spiked amounts of each halogenated phenol were 0.1 µg. Recovery test results are given in Table 3 . Most of the target substances provide that the mean recoveries were more than 90% and the coefficient variations were less than 10%.
Among the halogenated phenols, trace levels of 2CP, 3CP and 4CP were detected in unspiked sediment samples with the mean concentrations of 5.3, 9.2 and 8.3 µg/kg-wet, respectively.
